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T raumaTic brain injury (TBI) carries a high morbidity and mortality burden, with an estimated yearly incidence of 69 million people worldwide and 1.7 million in the United States. 17 TBI is divided into 3 categories (mild, moderate, and severe) based on the clinical and radiological severity. 45 While the survival rate is relatively high for those with mild and moderate TBI, patients may still suffer from substantial long-term sequelae of postconcussion syndrome, a complex disorder that may include headaches, dizziness, and psychological and behavioral symptoms. 18 With this recognition, many studies in TBI research have focused on TBI rehabilitation and the recovery trajectory.
Neurosurgery plays a critical role in the management of TBI among military personnel, both in the acute stabilization of TBI during combat and the chronic rehabilitation process. 4, 65 Acutely, neurosurgeons can perform life-saving procedures such as a decompressive craniectomy that allow soldiers who have suffered serious head injuries an increased chance at survival and rehabilitation. 4 However, even after successful acute management, the delayed consequences of TBI can be devastating, both medically and psychosocially. In a recent study, homeless veterans with a history of TBI had a significantly higher rate of psychiatric comorbidities and suicide risks than homeless veterans without a TBI history. 6 Possibly owing to higher rates of participation in the military service and sports, men are twice as likely to sustain a TBI than women. 8 Accordingly, the majority of research in TBI has been conducted on young men, and thus what we currently know about TBI is skewed. Little is known about women's experience of and recovery from TBI.
The number of women serving in the military has been gradually increasing. Recent statistics show that women across the Army, Marine Corps, Navy, and Air Force represent 20% of officers and 15% of enlisted personnel. 40 Following the January 2013 Department of Defense (DOD) decision to unbar women from combat and combat units, 26 female veterans with TBI will likely increase in number in the coming years. In fact, female veterans have been known to have a risk of sustaining TBI that is similar to civilian men. 56 However, the female experience of TBI and recovery is only a burgeoning area of research. Women are a minority in the military and veteran communities, which creates unique challenges for recruiting female study participants and designing large-scale prospective studies that focus on female veterans. The dearth of research on this topic may also be a consequence of insufficient funding allocation. Search of the DOD Congressionally Directed Medical Research Programs database reveals only few funded sex-specific studies investigating trauma in female veterans, and none of them specifically has focused on TBI.
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In this review, we provide an overview of TBI in female veterans from a neurosurgical and rehabilitation perspective. We also explore relevant studies from the civilian neurosurgery and critical care literature with the aim of using our existing knowledge to better understand TBI in this underrepresented patient population.
Methods
To select studies for review, we performed a literature search using MEDLINE and Google Scholar. Reference lists in selected articles were also viewed to find any other relevant articles not identified by previous searches. A comprehensive literature search was performed using combinations of the following keywords as deemed appropriate: "female," "veteran," "gender," "sex," "traumatic brain injury," "concussion," "post-concussion syndrome," and "neurosurgery. 
Acute Neurosurgical Management
Surgical management of severe TBI in military personnel dates back to World War I, when significant advances were made by Harvey Cushing, the "father of modern neurosurgery." 13 Techniques such as "thorough debridement" and primary dural closure were widely accepted in military neurosurgery as a result of Cushing's work, reducing the previous operative mortality rate by half. 24 Where conservative management once predominated due to lack of access to specialized neurosurgical care, continued advancement in surgical approaches and expansion of resources now allow for more aggressive neurosurgical intervention, resulting in improved survival in this population. 4 Emergency neurosurgical procedures are performed most often in the form of decompressive craniectomy to relieve intracranial pressure (ICP), with removal of unviable brain tissue or hematoma evacuation when indicated. Cranioplasty can be planned in an elective fashion after initial stabilization. 4, 64 As women were previously not allowed to take active combat positions, injuries requiring emergency surgical treatment occurred almost exclusively in male military personnel. In a recent study that included a considerable number of veterans with severe TBI, some of whom may have required acute surgical intervention at the time of their initial injury, females constituted only 10% of the entire study population. 39 Currently in the US, which is among the few countries that have lifted the ban, more women are assuming military combat roles. 26, 63 With this change, however, TBI in women will likely increase, making the impetus to predict their surgical outcomes compared to their male colleagues even more pressing.
Reflecting the imbalance in sex ratio, previous military neurosurgery literature has mostly studied the male population. One study conducted for soldiers in Operations Iraqi Freedom and Enduring Freedom included 408 patients with TBI, some of whom received decompressive craniectomy for the injury, but only 7 of the total subjects were women. 4 In another study based on the United Kingdom military Joint Theater Trauma Registry, of 2785 military casualties from Iraq and Afghanistan during the 2004-2014 period, 39 (1%) of them were female. 64 Of the 14 patients who underwent craniectomy and cranioplasty in this study population, none were female. 64 Even in the civilian sector, craniectomy for severe TBI is more frequently performed in males, with studies reporting a male-to-female sex ratio that ranges from 3:1 to 4:1.
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However, the few women whose TBIs require decompressive craniectomy are twice as likely to experience postoperative complications from subsequent cranioplasty, such as infection, dural tear, and neurological deficits, compared to men undergoing the same procedure.
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Medical Management of TBI
Female veterans are being managed based on evidence gathered from previous research studies whose participants were mostly or exclusively male. 28, 31, 32, 34, 66 Since the vast majority of military personnel who require neurosurgery for TBI have traditionally been men, when female soldiers require operations, their pre-and postoperative medical management is less evidence based. Medical literature in the field of military neurosurgery recognizes this sex imbalance as an area in need of improvement. In a study examining the characteristics of TBI caused by blast injuries in Iraq and Afghanistan wars, Mac Donald and colleagues considered their all-male study sample one of their study limitations.
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The sex disparity is also present in research on pharmacological agents used to treat severe TBI patients. Due to the considerable risk of posttraumatic seizure that can range from 4% to 25% when left untreated, patients with TBI are offered prophylactic antiepileptics. 32 However, the selection of the most appropriate antiepileptic agent is debatable. Although early research favored the use of phenytoin for this patient population, a prospective trial conducted in 2012 showed that levetiracetam is not inferior to phenytoin in seizure prevention while foregoing the need for frequent drug-level monitoring.
32 Following this trial, other studies similarly suggested the promising role of levetiracetam as the new agent of choice for posttraumatic seizure prophylaxis. 59 However, these studies were conducted in a study population overrepresented by men, 32, 59 and clinicians may be left uncertain as to whether the same outcomes can be expected for women.
Appropriate pharmacological dosing of medications commonly used in neurosurgical care is of further concern. Many medications with indications in acute brain injury are dosed in a weight-based manner. A recent study showed that weight-based dosing of mannitol, used for patients with suspected high ICP, is more error prone in emergency situations. 19 This suggests that female soldiers are potentially at a higher risk for overdose if their lower average body weight is not appropriately considered by medical providers accustomed to caring for male patients in emergency military settings.
We also lack the knowledge to determine appropriate neurocritical care parameters specifically for female military personnel, as the currently accepted ICP and cerebral perfusion pressure targets for TBI patients are based on male-predominant data. 21 Evidence on female-specific parameters is sparse and inconclusive. A 2011 study conducted in 459 patients admitted for TBI proposes a lower ICP threshold of 18 mm Hg for favorable outcome, suggesting that women with TBI may be less tolerant of intracranial hypertension. 70 In contrast, a similarly designed study of patients with moderate and severe TBI argued otherwise, reporting a higher ICP threshold in women. 54 In fact, women have been known to have higher cerebral perfusion at baseline than men. 58 However, how this difference in healthy subjects should be accounted for when setting appropriate cerebral perfusion pressure or ICP thresholds among TBI patients in acute medical conditions is left largely undecided.
Regardless of the ideal threshold for each parameter, women are generally thought to have poorer cerebrovascular reactivity, implying a need for some degree of individualization of pressure goals based on the patient profile. 14, 37 Women have also been shown to be more likely to have intracranial vascular injury following TBI, both for penetrating and closed-head injury, often in the form of traumatic aneurysm and subarachnoid hemorrhage. 28, 49 Given that women in general are known to be at an already higher risk for aneurysm formation and subsequent rupture, female veterans may be additionally susceptible to hemorrhagic cerebrovascular events due to the increased chance of acquiring TBI compared to nonmilitary women. 35, 41 Interestingly, in addition to increased risk for subarachnoid hemorrhage, female sex is also associated with hypercoagulability, leading to a higher likelihood of developing deep vein thrombosis and pulmonary embolism after TBI. 67 In fact, TBI patients of both sexes are vulnerable to deep vein thrombosis and pulmonary embolism events, more so than those with other types of traumatic injuries, possibly due to the prolonged immobility and hypercoagulability as the body's mechanism to control hemorrhage. 62 Oral contraceptive pill use is another female-specific risk factor that needs to be considered, particularly in the military population: with many soldiers opting to suppress menstruation during deployment, studies have shown higher oral contraceptive pill use in military personnel compared to the general female population. 20, 73 It should be noted, however, that these areas of concern primarily pertain to severe TBI that requires surgical and critical care management. Improvements in protective equipment, such as helmet and body armor, have decreased the incidence of severe TBI in the military. 39 Severe TBI in veterans is now more likely to be due to motor vehicle collisions in noncombat settings rather than traditional combat trauma. 39 With the majority of TBIs among veterans being classified as mild, chronic management of long-term complications is becoming increasingly more important. According to the most recent DOD/Defense and Veterans Brain Injury Center report published in 2018, more than 15,000 of 17,707 total TBI cases in the US Army are considered mild. 16 It is in these TBI cases of lower severity that we most frequently observe sex differences in the form of long-term disease sequelae.
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Biological Differences
Whether the sex difference in TBI experience has a biological explanation is an emerging topic of investigation. Since the late 1990s, female hormones such as estrogen and progesterone have been suggested to have a neuroprotective effect in animal models, facilitating the recovery phase of TBI by lowering ICP and improving cerebral perfusion. 65, 68 In fact, progesterone has been used in clinical trials for acute TBI patients with promising results of neurological improvement. 74 Moreover, compared to male patients with TBI, female patients have been shown to have better-preserved uncinate fasciculus following the injury, which has been implicated in memory function. 22 The fact that women still experience similar or greater morbidity from TBI despite these potential neurobiological advantages may imply a larger role played by the environmental factors in their disease burden.
TBI in Civilian Females
The aforementioned risk factors may contribute to the increased mortality risk in female TBI patients compared to males as demonstrated in civilian studies, especially in children and postmenopausal women. 18, 52 Other findings contradict these studies, showing reduced mortality and complication rates for female TBI patients, 5,57 including the postmenopausal group. 15 Others show no sex difference in mortality rates. 11, 38, 75 The sex-based morbidity data are equally varied. Women require shorter hospital stays, exhibit faster recovery, and retain more visual memory function. 50, 69 In other domains of the post-TBI trajectory, women showed poorer outcomes. According to a meta-analysis performed in 2000, women have a lower rate of returning to work and a higher degree of anxiety and/or depression. However, this meta-analysis was limited by the small scope (8 studies) and comparison of heterogeneous outcomes that ranged from mortality to functional performance and psychiatric symptoms. 23 Multiple studies have also shown that women are more likely to suffer from postconcussion syndrome following mild TBI, experiencing a constellation of symptoms that range from chronic pain to emotional disturbances over a prolonged period of time. 3, 53, 60, 72 However, women are more proactive than men in seeking resources for rehabilitation, as shown with greater utilization of home health services among older women with TBI. 25 Sex may be better understood as mediating symptom presentation rather than affecting the severity of disease burden. For example, in a review of studies that included women with mild TBI, female sex was more likely to be associated with postconcussive epilepsy and suicide. In contrast, more male patients were diagnosed with schizophrenia after TBI. 9 Research to date on female TBI has primarily drawn on civilian samples. Application to veteran populations is challenging, mainly because of the different demographics and risk factors. For example, many studies in civilian samples include pediatric patients whose TBI experience may be significantly different from that of older military personnel and veterans. 9, 52, 75 Moreover, the nature of injury often differs, as blast-related TBI is common among veterans, while motor vehicle collisions or falls predominate civilian TBI.
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TBI in Female Veterans
As in civilian samples, TBI symptomatology varies by sex among veterans. Among female veterans with mild TBI, there are more complaints related to somatosensory or vestibular symptoms than there are among male veterans within the first 30 months of injury.
40 Female veterans with TBI also experience a wide range of nonspecific symptoms such as nausea, fatigue, appetite changes, and sleep disturbances. 7 For reasons not clearly known, these symptoms seem to be less frequently reported by male veterans with mild or moderate TBI. In terms of chronic pain, female veterans are more likely to report headache and depression following TBI, whereas male veterans are more likely to report low-back pain after the injury. 61 Although the inciting event of TBI may be a purely mechanical injury leading to structural damage, significant morbidity following the trauma stems from psychological or psychiatric sequelae. It has been found that female veterans have a higher incidence of posttraumatic stress disorders (PTSDs) independent of TBI. 7, 66 The psychiatric burden among female veterans, including PTSD, does appear to play a role in how they experience and recover from TBI. In a 2008 survey of 2525 US Army soldiers with a mild TBI returning from Iraq, psychiatric comorbidities were significantly associated with more postconcussion symptoms.
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Instead of invoking the erroneous belief that women are "oversensitive," the high rate of PTSD among female veterans may be a reflection of the higher prevalence of military sexual trauma and intimate partner violence among female veterans. Women disproportionately experience military sexual trauma, with approximately one-third of all female veterans reported to have experienced military sexual trauma while on service compared to 1% of male veterans. 43 In addition, female veterans are known to be at a higher risk of intimate partner violence than women in the general population, with almost one-fifth of female veterans screening positive for intimate partner violence. These forms of trauma not only contribute to the development of PTSD but also cause non-combat-related TBI in female veterans. 33 Despite having access to the Veterans Affairs (VA) health services, female veterans frequently underutilize the resource, a phenomenon that was recognized as early as the late 1990s.
30 Approximately 80%-90% of VA mental health programs for veterans with TBI are being utilized by men.
36, 48 Although female veterans were more likely than their male counterparts to seek mental health services in general, most of them tend to visit non-VA health centers to receive the care. 30 There may be a cyclical problem in meeting the needs of female veterans when their underrepresentation in the VA healthcare system itself challenges the appropriate level of research and resource allocation. Regardless, there is a need for more VA services that cater to female-specific needs, as lack thereof will only further deter female veterans from fully taking advantage of the VA healthcare system. This underutilization has implications not only for the management of TBI symptoms but also for the detection of TBI among female veterans. According to a VA study of 465 veterans, women are 3 times less likely to complete comprehensive TBI evaluation, 44 potentially hindering timely screening and treatment.
TBI in Male Veterans
While the TBI profile of female veterans highlighted in the previous section may be distinct from that of their male counterparts, this is not to understate the difficulties male veterans with this condition also face. Although lower than in women, male veterans with TBI have a higher rates of PTSD and depression than are seen in the general population. 51 Although female veterans may have higher rates of psychological or psychiatric symptoms from TBI than male veterans, male veterans who do have such symptoms may be less likely to seek professional help.
1 Men tend to be reluctant to ask for and receive professional help for psychological or psychiatric issues, a phenomenon that is commonly reinforced by cultural expectations of masculinity. 1 Younger males are the least likely to seek resources for psychological support, 55 a particular obstacle in TBI management given that this age group has the highest TBI incidence.
Regardless of sex, veterans with TBI face challenges when seeking employment as they reintegrate into the civilian society. However, the potential hindrances to their successful employment may have sex differences. In a recent study, male veterans with TBI were less likely to be employed if older, less educated, and depressed. 2 In the same study, moderate or severe TBI (in contrast to mild TBI), comorbid PTSD, and drug abuse also predicted unemployment in male veterans. In contrast, the only significant risk factor for unemployment among female veterans included in this study was the presence of affective or cognitive symptoms. 2 Other potential barriers to successful integration back into civilian society specific to men include a significantly higher risk of developing a comorbid substance use disorder 27, 61 and dementia following the injury. 71 This suggests that male and female veterans may need different, targeted resources to facilitate employment.
Conclusions
A review of the currently available literature on the topic of TBI and sex differences in the veteran population revealed that women are less likely than men to sustain a TBI and require emergency craniectomy. However, female veterans are also more likely to experience long-term postconcussion syndrome and to opt for non-VA health servic-es. Moreover, female veterans with TBI may be managed based on evidence drawn from previous studies in which their sex was not well represented.
As women's contribution to the military garners increasing attention, so too must the unique challenges they face during and after service. In the field of neurosurgery, the sex differences in TBIs are only starting to be recognized. Evidence suggests that women who have served in the military may have different postconcussion symptoms from their male counterparts and that psychosocial factors may compound their disease burden. The sex differences implied by different studies and summarized in the current article, however, should neither be used to justify a hasty generalization that overlooks individual presentations nor to perpetuate the traditional bias that women are "difficult" patients. Robust prospective studies involving sizable numbers of female veterans with TBI are lacking due to multiple factors, including a lower incidence of TBI in females, the minority status of women in the military, and potential barriers to funding. More research, greater attention, and appropriate action are critical to prevent overgeneralized medical practices and beliefs from becoming another source of inequality in this underrepresented population. Such effort, however, will only be possible with improved resource allocation, which calls for support from research funding agencies that recognize TBI in female veterans as an important issue of health disparity. 
